Abstract-Human observers are able to locate contours that are defined solely on the basis of longrange, orientation-domain correlations. The integrity of the mechanisms responsible for second-order contour detection is disrupted by amblyopia (Kovacs et al., 1996; Hess et al., 1997) and it is therefore of interest to develop methods for assessing pediatric patients undergoing treatment for amblyopia. In this study, we have determined the inter-observer and test-retest reliability of a card-based test of second-order contour integration. The magnitude of practice effects was also assessed in both adult and pediatric patient groups. Contour detection thresholds were measured for a closed contour, defined by Gabor patches, embedded in a randomly oriented Gabor-patch background. The visibility of the contour was controlled by varying the density of the background elements. Thresholds, defined in terms of the ratio of contour element spacing to average background spacing were measured with a clinical staircase procedure. Thresholds measured by two observers differed on average by 0.023 ± 0.075 or about one half the increment between cards. Children and adults showed only small practice effects (0.022 ± 0.051 vs 0.053 ± 0.077, respectively) and average unsigned differences between repeated measures were equivalent to approximately 1 card across groups. A card-based test of second-order contour integration produces reliable estimates of contour integration performance in normal and amblyopic observers, including children.
INTRODUCTION
Integration of orientation information is an important part of the process by which the visual system extracts contours corresponding to object boundaries. Cells in *To whom correspondence should be addressed.
the primary visual cortex respond preferentially to elements of specific orientation (first-order orientation information) but the sensitivity of this response is affected by the orientation of surrounding contours (Kapadia et al., 1995; Polat et al., 1998) . Such selectivity for the relative orientation of oriented elements will be referred to as 'second-order orientation selectivity'. Consonant with these physiological findings, recent computational models of boundary extraction operate by first making local orientation measurements and then combining them along a projection of the local orientation axis (Yen and Finkel, 1998; Li, 1998) .
It has recently been reported that the amblyopic visual system does not integrate second-order orientation information in a normal fashion. Polat, Sagi and Norcia (1997) used a lateral-masking paradigm introduced by Sagi (1993, 1994) to study long-range integration of orientation information in amblyopic observers. The lateral masking paradigm measures the effect that suprathreshold Gabor patches have on the detection threshold for a test Gabor patch located a considerable distance away. In normal observers, collinear arrangements of the suprathreshold lateral mask facilitate detection of the test Gabor patch by about a factor of 2. The facilitation of contrast threshold is strongly dependent on the relative orientations of the Gabor carriers with respect to the orientation of the test and flank Gabors themselves, i.e. sensitivity is strongly dependent on second-order orientation.
Amblyopic observers showed reduced or absent lateral facilitation for collinear configurations (see however Levi and Sharma, 1998) . Polat et al. (1997) also used a Visual Evoked Potential (VEP) adaptation of the psychophysical lateral interaction paradigm.
In that part of the study, they found that collinear arrangements of low contrast Gabor targets and high contrast Gabor masker resulted in larger and faster VEPs in normal observers.
Orthogonally oriented maskers produced a response reduction. Amblyopic observers, in contrast, showed either reduced VEP facilitation for collinear arrangements or interactions that were of the wrong sign, e.g. facilitation for cross-orientation. More recently, we (Kovacs et al., 1996; Chandna et al., 1998; Pennefather et al., 1998; Kovacs et al., submitted) and others (Hess et al., 1997; Hess and Demanins, 1998) have begun to study second-order orientation processing in amblyopia using contour integration tasks in which the observer is asked to detect a 'path' or 'contour' defined by chains of nearly collinear Gabor patches that are embedded in a random Gabor background. Contours defined by Gabor patches cannot be detected by large filter mechanisms operating on the scale of the contour itself. Rather, under the appropriate spacing conditions, Gabor-defined contours force the observer to detect the contour on the basis of long-range comparisons between local orientation measurements made at the spatial scale of the defining Gabor elements.
Amblyopic observers show deficits on these contour integration tasks that cannot be explained by reduced acuity or contrast sensitivity (Hess et al., 1997; Pennefather et al., 1998; Kovacs et al., submitted) . Contour integration deficits thus constitute another aspect of visual function that is disrupted by abnormal visual experience during a developmental critical period.
In order to facilitate studies of the amblyopic contour integration deficit during the developmental critical period, we have devised a card-based, clinical staircase procedure for measuring the visibility of orientation-defined contours (Kovacs et al., 1996; Kovacs et al., submitted) . The cards are graded in difficulty by varying the density of the background Gabor elements. When the average spacing of Gabor elements in the background drops below the spacing in the contour, the contour can only be detected based on second-order cues.
The purpose of the present study was to determine how reliable the contour detection thresholds were, both between examiners and within repeated measurements of the same individual. Of particular interest is whether the test can be performed reliably in young children. We find that the clinical staircase procedure yields reliable thresholds in both adults and children and that the small effects of practice that are sometimes observed can be minimized by re-testing.
METHOD
Three series of measurements will be described.
The first series involved a study of inter-examiner re-test reliability in adults, the second series comprises a multiple test-retest study in children and the third series comprises a test-retest study conducted in adults.
Card design, Experimental Series I and 2
Each card contained a closed path of Gabor elements embedded in a random array of Gabor elements of the same spatial frequency and contrast. The Gabor carrier spatial frequency was 5 c/deg and contrast was approximately 95%. The cards were generated by an algorithm (described in detail in Kovacs et al., submitted ) that allowed precise control over the important spacing parameters.
A graded series of 10 cards was produced by varying the average spacing between background elements while holding the spacing between elements of the closed contour constant at 8 times the wavelength of the Gabor carrier. The ratio of the mean background spacing and spacing between neighbouring contour elements defines the contour signal to noise ratio, which ranged from 1.l 1 to 0.65 in 0.05 steps. Because the conspicuity of the contour, and the strength of the noise both increase as their respective spacing decreases, the background-element to contour-element spacing ratio expresses the actual signal to noise ratio within each card. At a ratio of < 1, the cards do not contain first order texture cues, and only secondorder orientation cues are available for the location of the contour. The angular difference between adjacent Gabor elements on the contour was restricted to the range z30 deg. The 10 card series of contour cards used for studies of interobserver repeatability (Experimental Series 1) and test-retest reliability in children (Experimental Series 2) had three alternative positions for the contour (right, left, or centre). Most participants confirmed the position of the contour at threshold by tracing out the contour (although not all children would do this). The 15 card series used in the adult test-retest study (Experimental Series 3) had two alternative positions. The construction of this card series is described below (see Fig. 1 for card examples).
Experimental Series 1 -inter-examiner reliability
Participants.
The inter-observer difference in the measurement of threshold was assessed in 20 eyes of 10 adults (9 normals and 1 amblyope). All participants wore optimal spectacle correction throughout testing, which included monocular distance logMAR acuity, orthoptic examination, and fundoscopy.
Procedure.
Cards were presented monocularly from a distance of approximately 50 cm and the participants were requested to identify the position of the contour. All participants were naive and were familiarized with the test using practice cards containing highly visible contours.
All participants were tested in a staircase paradigm modelled after that of Chandna et al. (1988) which required a correct response for at least 2 out of 3 presentations of the same card (cards were reversed on re-presentation at random) to allow progression, with 3 reversals required to define the threshold. The observer was not masked to the contour position and subjects identified the contour when they could see it (not forced choice). Most subjects indicated the contour by tracing their finger round the contour which was encouraged, but some children indicated by pointing at the centre of the contour. Indication that the contour was on the right, left, or centre alone was not sufficient.
Approximately 20 trials were needed for normal adult observers, with fewer being needed for observers with significantly elevated thresholds.
Inter-observer repeatability was measured using a single card series. Participants were randomly allocated for assessment by one of the two observers first, with the second assessment on a different day. The eye tested first was allocated at random, separately by the two observers.
Experimental Series 2 -test-retest repeatability in children Participants.
Test-retest repeatability in children was assessed in 36 consecutive children attending routine ophthalmic review clinics. The children providing data ranged between 3 and 11 years of age (median age 6 years). Strabismus was present in 23 children, refractive amblyopia without strabismus in 3 children and 10 children had normal vision.
The children were tested 4 times with each eye alternately with the 10 card series on the same day by the same examiner, masked to the clinical diagnosis and any therapeutic interventions. Figure 1 . Examples of the contour integration test cards. The top card was used for instructing the participants. The contour is highly visible and is defined by both first and second order cues (signal to noise » 1.0). The bottom card has a ratio of average background to contour spacing (signal to noise ratio) of 0.80.
Experimental Series 3 -test-retest repeatability in adults
Contour detection threshold was measured 6 times in each eye of 19 amblyopic adults, of whom 14 had strabismus and 5 had primary microstrabismus and/or anisometropic amblyopia.
The amblyopic eyes had a mean logMAR distance acuity of 0.47 (range -0.08-2.04, median 0.36). A further 14 adults with normal vision were assessed 3 times in each eye.
Card desigln and procedure for Experimental Series 3
Three new card sets were generated for the adult retest series (Experiment 3). These cards had the same Gabor element parameters as the single card set used in Experimental Series 1 and 2. There were 15 cards in each set, spanning an extended range, signal to noise ratio of 1.2-0.50.
The set was limited in terms of the shape of the contours: these cards had continuous curvature, with no inflection points. Pettet et al. (1998) have shown that contour smoothness is an important constraint on contour visibility and continuous positive curvature ensures that all contours have the same degree of smoothness, making background noise density the sole determinant of contour visibility.
For assessment of test-retest repeatability in adults, the eye tested first (chosen at random) was tested with 3 series of cards in random order. The other eye was then tested with the 3 series in the same order. This whole set of 6 measurements was then repeated in the same order. Results were recorded after 10 s exposure to each card and after a further 20 s to investigate the time dependency of the test. The examiner randomized the location of a card while the subjects were making their decision on another card. Cards of adjacent levels of difficulty were presented concurrently and the staircase proceeded if the subject got 2 out of 3 correct at a given level.
RESULTS

Experimental Series 1 -inter-observer repeatability
The inter-observer difference in the measurement of threshold in the 20 eyes of 10 adults (9 normals and 1 amblyope) was 0.023 (SD 0.075) or half a card in terms of signal to noise ratio units. The 5 eyes of 3 subjects (one amblyope and two normals) showing thresholds differing by more than one card (> 0.05 units) between the two observers were those individuals who demonstrated a progressive improvement in threshold with each eye tested. In the remainder the mean difference between observers was 0.003 (SD 0.036).
Te.st-rete.st repeatability in children
The contour test was performed by the majority of children older than 36 months (3 years), all those over 48 months (4 years), but not by 24-36 month olds. The amblyopic eyes of two children were not able to see any of the Gabor patches and their data were excluded from the analysis. The mean contour detection threshold on the fourth test was 0.87 (SD 0.073) for the 72 eyes able to see the constituent Gabors. The mean signed-difference between the first and second test was 0.003 (SD 0.036) and between the first and fourth test was 0.022 (SD 0.051). Amblyopic adults (described further in the next section) had a larger mean difference between the first and fourth test (0.053, SD 0.077). The children, if anything, show less effects of practice or learning than adults. The contour card testing (practice, testing each eye, and a further check of threshold in each eye) took 5 -10 min depending on age.
Of 72 eyes, 15 improved by two or more cards and one decreased by two cards between the first and fourth test (10/38 adult eyes improved by two or more cards between the first and fourth test). An interocular difference of two or more cards (0.1 1 signal to noise units) was present in 8 amblyopic children for all four tests (and in a further two children for the first test only and one for the fourth test only). Practice effects were negligible by the third and fourth tests where the signed difference was 0.005 (SD 0.045). The 95% confidence limit for repeatability is thus very close to 2 cards.
Test-retest repeatability in adults
Contour detection threshold was measured 6 times in each eye of 19 amblyopic adults, of whom 14 had strabismus and 5 had primary microstrabismus with varying degrees of anisometropia. The mean signed-difference between the first and second measure of contour detection threshold was 0.025 (an improvement of half a card, SD 0.067, n = 66 eyes, Table 1 ). In the 38 eyes assessed 6 times, the mean difference between the first and sixth measure was 0.063 (SD 0.084) . Amblyopic eyes demonstrated slightly larger effects of practice than fellow eyes (the difference between the first and second test was 0.026 for amblyopic eyes and 0.018 for fellow eyes and between the first and sixth test was 0.079 for amblyopic eyes and 0.047 for fellow eyes, table 1) but these differences were not significant (p = 0.73 and 0.20, respectively). In the group of 19 amblyopes, the signed-difference between the fifth and sixth tests was 0.001 (SD 0.050). As in the children, the 95% confidence interval for repeatability after learning ceased was very close to 2 cards.
An interocular difference of two or more cards that persisted for 6 repeat tests was present in 8 amblyopes and in no normals. A further 4 amblyopes demonstrated an interocular difference of two or more cards on the first test but in association with practice, this interocular difference was absent in the remaining tests. Also one amblyope showed no interocular difference on the first test but an interocular difference of two or more cards was present in all the subsequent 5 tests. The time allowed for the test did not make a substantial difference to the results. The mean threshold for right eyes for first measurement for each of the 3 card series was 0.753 (SD 0.103) after 10 s and 0.734 (SD 0.103) after a total of 30 s. repeatable across observers and sufficiently stable across repeated measurement to be useful in clinical studies of contour integration deficits in amblyopia. Repeated measurements had a standard deviation of one card (0.05 signal to noise ratio units) or less once practice effects had been taken into account. Practice effects between the first and subsequent tests of an eye were comparably small in both children and adults. In both groups there was no learning over the last two tests presented. These results suggest that thresholds can be measured reliably and without extensive training during the developmental critical period. The inter-observer results and the absence of a substantial effect of viewing time also suggest that the test procedure is reasonably robust.
Some individuals, including normals, showed a difference in threshold between eyes on the first test that disappeared with repeated testing. Inadequate practice in these individuals could result in a false recording of an interocular difference if the test was performed only once in each eye. This effect can be negated by performing a repeat measurement of threshold in each eye. An interocular difference of 2 or more cards was consistently present in some amblyopes and was not found in any normal adults or children, suggesting that the task is measuring an abnormal visual function in amblyopia.
Tests of contour integration may provide new information regarding visual processing in the amblyopic visual system. The task, which relies on the ability to compare orientation information over distance, contrasts with conventional probes of the amblyopic deficit such as letter or vernier acuity which measure a more local integration of orientation information.
Consistent with this notion, Chandna et al. (1998) have reported that the time course of recovery of contour detection threshold differs from that of letter acuity during occlusion therapy for amblyopia. The underlying mechanisms of letter acuity must preserve fine grain position information and they thus tax both resolution and position sensitivity.
Neither resolution nor fine-grain position information appear to be important constraints on contour integration (Hess et al., 1997; Pennefather et al., 1998) . Nonetheless, the amblyopic visual system is still compromized and it will be of interest to determine the functional significance of the loss of sensitivity to second-order orientation information.
